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We observe a strong polarization dependent optical loss of in-plane light propagation 
in silicon waveguide due to the presence of graphene. Both transverse-electric (TE) 
and transverse-magnetic (TM) modes are efficiently (~3 dB) coupled to the graphene 
on suspended membrane waveguides using an apodized focusing subwavelength 
grating. The TE mode has 7.7 dB less excess optical loss than the TM mode at 1.5 
μm for a 150 μm long waveguide in good agreement with a theoretical model. 
All-optical modulation of light is demonstrated. There is also a large thermally 
induced change in waveguide effective index because of optical absorption in 
graphene.  
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    Graphene has attracted much interest for optoelectronic applications because of its 
unique gapless band structure. 1 It has been used for saturable nonlinear absorption, 2, 3 
ultra-wideband absorption, 4, 5 and tunable interband transition. 6, 7 However, most of 
the previous experimental work employed light with normal incidence to the graphene 
layer and free space coupling, 2-7 which limits the light interaction length to the 
monolayer thickness (~0.7 nm). Only 2.3% optical absorption, predicted by fine 
structure constant, 8 can be observed in graphene for light of normal incidence, and 
97.7% optical power will transmit without absorption, as shown in Fig. 1 (a). However, 
the two-dimensional (2D) nature of graphene makes it suitable for integration with 
planar lightwave circuits (PLCs), which can dramatically increase the interaction 
length between the graphene layer and light in the waveguide’s evanescent field by 
many orders of magnitude. Moreover, it is possible to use complementary 
metal-oxide-semiconductor (CMOS) compatible fabrication processes to make the 
silicon waveguide devices, transfer or deposit the graphene onto the silicon 9, 10 and 
pattern the graphene. 11, 12 Hybrid graphene-silicon PLCs offer promising properties for 
future photonic devices. Experimental studies of graphene integrated PLC devices have 
recently been used for optical modulators, 13, 14 and four-wave-mixing in silicon 
photonic crystal. 15 The optical losses in graphene on hydrogen silsesquioxane cladding 
silicon waveguide were also recently reported. 16 
Suspended membrane waveguide (SMW) devices have many attractive potential 
applications, such as energy efficient CMOS interconnects, 17 evanescent field sensors, 
18 and optical force actuation. 19 The SMW can be fabricated on a silicon-on-insulator 
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(SOI) wafer by locally etching the buried oxide (BOX) underneath the waveguide. The 
SMW devices were previously studied for mid-infrared (mid-IR) silicon photonics, as 
the removal of the BOX under the waveguide can avoid the large absorption losses of 
silica at mid-IR wavelengths. The integration of graphene and SMW, as shown in Fig.1 
(b), can take full advantage of the transparent wavelength region of silicon and wide 
spectral window of graphene, which covers from near-IR to mid-IR. 20, 21 Moreover, 
with nanoscale high index contrast silicon SMW, the guided light can strongly interact 
with the surface graphene layer and reduce the device footprint. Graphene on SMWs 
can be operated over a broadband wavelength range from 1.2 μm to 8.0 μm. However, 
the optical interaction of light propagating in the plane of the graphene has not 
previously received much experimental attention. 
 
Fig.1 (a) Schematic picture of graphene absorption of normal incident light. (b) Schematic 
picture of in-plane light absorption in the graphene on SMWs. (c) Top view of apodized 
focusing SWG. (d) Finite element method (FEM) simulated electric field profile of TE11 mode 
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and TM11 mode in the graphene on SMWs at 1.50 μm. The color map shows the optical 
intensity and arrows indicate the electric field. 
 
In this paper, we present measurements of the polarization dependent optical loss of 
the graphene on SMWs on SOI. An apodized focusing subwavelength grating (SWG) 
was employed for high efficiency coupling of both transverse-electric (TE) and 
transverse-magnetic (TM) modes into the SMW. The optical losses for the TE and TM 
modes were characterized initially on a waveguide without graphene and on an 
identical waveguide with graphene. With only 150 μm length, the graphene on SMWs 
shows strong polarization dependent loss which agrees well with a theoretical model. 
All-optical modulation of light in the graphene on SMWs was also demonstrated. We 
also measured a large thermally induced change in the effective refractive index (RI) of 
the waveguide produced by the absorption of pump light. 
    The SMWs were designed and fabricated on a SOI wafer (supplied by SOITEC Inc.), 
which had 340 nm top silicon and 2.0 μm BOX. Periodical holes were etched beside the rib 
waveguide to enable the local removing of the BOX underneath the device. The grating 
couplers offer the advantages of allowing precise control of waveguide length without the 
need for cleaving or polishing of waveguide facets, 22 and high efficiency coupling 23 to 
standard single mode fibers (SMFs). The apodized focusing SWG, as shown in Fig.1 (c), was 
designed and fabricated for high efficiency coupling of both TE and TM modes into the 
SMW. The structure, including SMWs and gratings, was suspended in air, and thus can be 
used in both near-IR and mid-IR applications. The fabricated devices comprised a pair of 
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nominally identical gratings connected with a 150 µm SMW. The silicon device design and 
fabrication process were described in the supplementary materials. The grating performance 
was characterized by a tunable laser, and a fiber polarization controller (FPC) was employed to 
change the polarization direction of the light from the SMF. The grating couplers had a 
maximum coupling efficiency of -3.0 dB and ~50 nm 3 dB bandwidth for TM mode. With the 
same grating, for TE mode, only half of coupling spectrum was measured because the center 
wavelength has shifted to ~1445 nm which was the limit of our laser tuning range. The 
maximum coupling efficiency was measured to be -4.0 dB for TE light, and ~120 nm 3 dB 
bandwidth was predicted from our design simulations. The measured spectral efficiency and 
wavelengths agree well with the 2D finite difference time domain (FDTD) simulations, as 
shown in Fig.2 (a). The polarization of input light can be determined from the different peak 
wavelengths and bandwidths of grating couplers for TM and TE modes. 
 
Fig.2 (a) FDTD simulations and measurements of apodized focusing SWGs for TE and TM 
modes without graphene. (b) Raman spectrum of CVD-grown graphene on the SMW which 
showing that the graphene film is monolayer. 
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The graphene sheets were grown on a copper foil by chemical vapor deposition 
(CVD). A thin PMMA layer was spin coated over the graphene layer and the copper 
was removed by wet etching. The graphene supported by PMMA was transferred to the 
SMW and the PMMA was then removed by acetone. Unlike the previous report, 13 the 
graphene was placed directly on the silicon waveguide without any planarization layer. 
As shown in Fig.2 (b), the monolayer graphene on the SMW was identified by the 
Raman spectroscopy via a symmetric 2D peak at 2671 cm-1 with a full width at half 
maximum of 42.7 cm-1 and G-to-2D peak intensity ratio (<0.5). 24 The scanning 
electron microscope (SEM) images of the graphene on SMWs and apodized focusing 
SWGs are shown in Fig.3. The SEM images had contrast between the regions with and 
without the graphene layer on silicon. It can be seen that there is some damage 
introduced during the graphene transfer process in Fig.3 (b) and Fig.3 (d). 
 
Fig.3 (a) SEM image of the graphene on SMWs and SWGs. (b) SEM image of apodized 
focusing SWG with the graphene on top. (c) SEM image of the graphene on SMW. (d) SEM 
image of the graphene on SMW with broken layer. 
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    We fabricated four nominally identical gratings connected with 150 µm SMWs on 
two chips. One chip had the graphene layer transferred on top as described above. The 
fiber to fiber coupling losses of the chips were measured both for TE and TM modes at 
an input incident power of 0.1 mW. We observed a strong polarization dependent loss, 
as plotted in Fig.4. In our measurements, the incident light was coupled to SMWs at  
~10 degrees from normal incidence, and thus we do not expect any graphene plasmon 
excitation to be present, 25 and the grating coupling efficiency is not affected 
significantly.  Moreover, the coupling profile is almost unchanged for two chips in 
terms of bandwidth and center wavelength which indicates that the graphene layer also 
has a negligible influence on the RI of SWGs. Besides, we did not use any long 
adiabatic taper in the focusing grating coupler and thus avoided the possible mode 
conversion from TM mode to TE mode. 23 Thus the strong polarization dependent loss 
mainly comes from the graphene on SMWs. 
 
8 
Fig.4 Measurements of fiber to fiber coupling efficiency both for TE and TM modes. Black 
(red) upper curves are for the TM (TE) mode without graphene and the black (red) curves are 
for the (TE) mode with graphene.  
 
Four SMW samples, each of 150 μm length, were studied and the excess insertion 
losses introduced by the presence of the graphene layer were measured. Fiber to fiber 
excess losses of 10.1 dB, 6.1 dB, 3.4 dB and 5.0 dB for the TE mode were measured at 
its peak coupling wavelength (~1445 nm). While for TM mode, the measured excess 
losses introduced by the graphene were 22.4 dB, 16.9 dB, 12.0 dB and 13.2 dB, 
respectively at the peak TM coupling wavelength (~1510 nm). The different excess 
losses in the four samples mainly come from the discontinuity and non-uniformity of 
the graphene layer on SMWs. As the optical losses of TE and TM modes were recorded 
from the same waveguide, the defects/non-uniformity of graphene layer did not affect 
the measured differences in excess loss of the two polarizations. The excess loss 
differences of the two polarizations in the four samples measured were 7.7 dB, 6.1 dB, 
7.1 dB and 6.4 dB, respectively, at 1.5 µm wavelength (indicated by the straight line in 
Figure 4). This polarization dependence is similar to the graphene-fiber polarizer in 
which a monolayer graphene was transferred onto 3.5 mm side-polished optical fiber. 26 
To achieve the same excess loss (~27 dB) between two polarizations, the waveguide 
length in this work would need to be only ~500 µm instead of the 3.5 mm in the earlier 
work. 26 Due to the strong interaction between the graphene layer and evanescent field 
of silicon SMWs, the device footprint has been greatly reduced in this work. The 
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difference in polarization dependent loss may be further enhanced by improving the 
graphene continuity and uniformity, and optimizing the top silicon thickness to 
increase the optical field strength at the graphene layer. 
 
Fig.5 (a) Real part and (b) Imaginary part of the graphene optical conductivity as a function of 
the Fermi level and frequency (T = 300 K, Γ = 5 meV), following the Kobo formula. (c) 
Graphene optical conductivity and effective relative permittivity as a function of Fermi level at 
1.5 µm. (d) Theoretical optical loss of graphene on SMWs for TE and TM modes. 
 
    The imaginary part of optical conductivity plays an important role in the propagation 
light loss of the graphene on SMWs. The optical conductivity in this work was computed 
from the Kubo formalism, 27, 28 which is in agreement with the experiment results at 
temperature T = 3 K, with scattering rate Γ = 0.43 eV. 7 The optical conductivity σ  of 
graphene includes the contributions from intraband and interband: 
in t in t( ) ( )r a e rσ σ ω σ ω= + . For intraband, the int raσ  shows the following 
Drude-like form, 29 so intraband conductivity int raσ is always positive. While, for the int erσ  
can be positive or negative, 29 depending on the photon energy and Fermi level. When the 
interband contribution dominate, which gives the negative imaginary part, otherwise the 
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σ has positive imaginary part. The real part and imaginary part of the graphene optical 
conductivity as a function of the Fermi level and light frequency were calculated from 
near-IR to mid-IR, as shown in Fig.5 (a) and (b). 
    The effective relative permittivity of graphene can be determined by the following 
formula: 13 
0
1eff i
σ
ε
ωε
= +
Δ                                                           (1) 
where the 0ε is the vacuum permittivity, and Δ is the graphene effective thickness which 
equals to 0.7 nm in the simulations. 13 At 1.5 µm wavelength, the optical conductivity and 
effective relative permittivity were calculated as shown in Fig.5 (c). When the real part of 
relative permittivity is positive, the TE mode light can be guided in the graphene-silicon layer 
with weak damping, 30 and TM mode propagation light cannot be supported. However, for 
negative relative permittivity, the TM mode can excite the surface-plasmon polariton wave on 
the surface of graphene-silicon layer. So, at the Fermi level tμ , the graphene transforms from 
the “dielectric-like” graphene to “metallic-like” graphene. 
    For the graphene on SMWs, the light is mainly confined by the RI step between silicon 
and air, with a graphene layer perturbation. Based on above theoretical parameters, the TE11 
and TM11 modes of graphene on SMWs were simulated at 1.5 µm wavelength using effective 
index method by FEM software as shown in Fig.1 (d) and Fig.5 (d). The attenuation of TM 
mode is obviously larger than that of TE mode, and the Fermi level will have larger influence 
on TM mode loss. The loss difference αΔ between TM and TE modes were simulated to 
be 0.0311 dB/µm and 0.0547 dB/µm for “dielectric-like” graphene and “metallic-like” 
graphene, respectively. So, at 1.5 µm wavelength, with 150 µm length waveguide, the 
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theoretical difference in excess loss of the two polarizations is predicted to be between 4.7 dB 
(“dielectric-like” graphene) to 8.2 dB (“metallic-like” graphene) which depends on the 
graphene Fermi level. The intrinsic doping level for our devices (the same batch of graphene 
sample on a similar substrate) is estimated as ~70 meV (or doping level about 1.2x1012 /cm2), 
so it is safe to absorb the 1.5 um laser. And the absorption of light will increase the free carrier 
population, and thus raise the quasi-Fermi level, and make the sample more “metallic-like”. 
This theoretical prediction agrees well with the experimental results. Using this model but 
with the wafer of 220 nm-thick top silicon, the excess loss can be further increased to ~29 dB 
in a 150 µm length waveguide. In mid-IR wavelength range, the simulation predicts larger 
polarization dependent loss, due to the increased evanescent field that interacts with the 
graphene layer, and lower photon energy which would be more sensitive to the Fermi level.  
    The modulation of dielectric constant of graphene by an applied gate voltage has 
been studied previously. 13, 14 Here, we study the optical control of the Fermi level and 
use an intense pump light to modulate the optical absorption of a probe signal in the 
graphene on SMW. Furthermore the photo-excited hot carriers in graphene will 
produce a large change in the effective RI (neff) of SMWs. A high power (pump) laser 
(1439.2 µm) was coupled with TE mode polarization to control the Fermi level of 
graphene on SMWs, and transmission of TE mode and TM mode probes were 
measured at different pump powers.  
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Fig.6 (a) Measurements of insertion loss under the control of TE mode pump power with 
optically induced shift of one FSR. The dash lines indicate the F-P shift with increasing the 
pump power. For TE mode probe, four coupled pump powers are 0 mW, 4.3 mW, 10 mW, 
and 15.7 mW, respectively. For TM mode probe, four coupled pump powers are 0 mW, 5.7 
mW, 11.5 mW, and 17.2 mW, respectively. (b) The device transmission and the measured 
changes of effective RI with optical controlled Fermi level at different coupled pump powers.   
 
    The results in Fig.6 (a) demonstrate the all-optical modulation of the probe transmission 
by varying the pump power. The Fabry-Perot (F-P) oscillations in the probe transmission 
allowed us to obtain the changes in the real and imaginary parts of the neff of the graphene on 
SMWs. As a control experiment we also performed the same measurement on a SMW 
without any graphene. For the control experiment, we observed only a small (0.6 dB) 
intensity dependence that may be attributed to the free carriers generated by two photon 
absorption in the 150 µm long silicon waveguide. However, for the graphene on SMWs, 
much larger intensity dependence (for TE mode, 3.8 dB loss at 1549.5 nm and 1.9 dB at peak 
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wavelength) was observed. In Fig.6 (a), the transmission spectrum of the probe light has an 
F-P oscillation, with a free spectral range (FSR) of ~1.5 nm, because of the grating back 
reflection. Fig.6 (a) shows that the F-P oscillations shifted to longer wavelength with 
increasing pump power. Optical absorption in graphene will change the quasi-Fermi level 
position which modifies the graphene from a “dielectric-like” material to a more 
“metallic-like” material. From the theoretical model plotted in Fig.5 (d), the excess insertion 
loss introduced to the TM mode probe should be more than that of the TE mode probe, and 
the TE mode probe will saturate before the TM mode as the Fermi level is increased. These 
predictions are in agreement with our experimental observation. From Fig.6 (b), we observed 
loss saturation for TE mode, and the TM mode loss also start to saturate when the coupled 
pump power increased beyond 20 mW. The optical modulation coefficients were 8.72 × 10-4 
dB/μm/mW and 14.1 × 10-4 dB/μm/mW for TE mode and TM mode probes, respectively. 
Another interesting phenomenon is the red-shift of F-P oscillations with increasing pump 
power. The observed shifts in F-P oscillations imply the presence of a large linear change of 
neff, as plotted in Fig.6 (b). The large changes in neff are consistent with thermal-optic effects. 
The absorption of the pump power dramatically increases the hot carriers’ density in the 
graphene; in the steady state, the relaxation of the hot carriers will eventually produce a 
temperature rise in the silicon membrane since the air cladding of SMW provides a good 
thermal isolation. In the experiment, the graphene layer suffered irreversible thermal damage 
(“laser burning”) when the coupled power exceeded ~30 mW. From the measured F-P shifts, 
the temperature rise of SMW was calculated to be ~20.7 K with pump coupled power of 15.7 
mW, which introduces a shift of about one FSR (~π phase shift). The all-optical modulation 
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in graphene is intrinsically broadband as the overall optical opacity of graphene is 
independent of wavelength, and the high frequency dynamic conductivity for Dirac fermions 
is almost independent of wavelength. 31 The modulation depth can be further enhanced by 
optimizing the top silicon thickness. The results point to many potential applications of 
graphene on SMWs in the near-IR and mid-IR region, such as on-chip optically-switchable 
polarizer, efficient mid-infrared photodiodes and ultrafast all-optical logic gates.  
In summary, we report measurements of the polarization dependent optical loss of 
graphene on SMWs. The TE and TM modes light are coupled into the waveguide with an 
apodized focusing SWG. The graphene clearly introduce higher excess losses for TM mode 
with a difference as large as 7.7 dB observed at 1.5 µm wavelength in a 150 μm length 
waveguide. We demonstrate all-optical modulation with measured optical modulation 
coefficients of 8.72 × 10-4 dB/μm/mW and 14.1 × 10-4 dB/μm/mW for TE mode and TM 
mode probes using a TE mode optical pump, respectively. The absorption of optical power 
also produced large thermal changes in the effective RI of the graphene on SMW samples. 
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Figures Captions 
Fig.1 (a) Schematic picture of graphene absorption of normal incident light. (b) Schematic 
picture of in-plane light absorption in the graphene on SMWs. (c) Top view of apodized 
focusing SWG. (d) Finite element method (FEM) simulated electric field profile of TE11 
mode and TM11 mode in the graphene on SMWs at 1.50 μm. The color map shows the optical 
intensity and arrows indicate the electric field. 
Fig.2 (a) FDTD simulations and measurements of apodized focusing SWGs for TE and TM 
modes without graphene. (b) Raman spectrum of CVD-grown graphene on the SMW which 
showing that the graphene film is monolayer. 
Fig.3 (a) SEM image of the graphene on SMWs and SWGs. (b) SEM image of apodized 
focusing SWG with the graphene on top. (c) SEM image of the graphene on SMW. (d) SEM 
image of the graphene on SMW with broken layer. 
Fig.4 Measurements of fiber to fiber coupling efficiency both for TE and TM modes. Black 
(red) upper curves are for the TM (TE) mode without graphene and the black (red) curves are 
for the (TE) mode with graphene. 
Fig.5 (a) Real part and (b) Imaginary part of the graphene optical conductivity as a function of 
the Fermi level and frequency (T = 300 K, Γ = 5 meV), following the Kobo formula. (c) 
Graphene optical conductivity and effective relative permittivity as a function of Fermi level 
at 1.5 µm. (d) Theoretical optical loss of graphene on SMWs for TE and TM modes. 
Fig.6 (a) Measurements of insertion loss under the control of TE mode pump power with optically 
induced shift of one FSR. The dash lines indicate the F-P shift with increasing the pump power. For TE 
mode probe, four coupled pump powers are 0 mW, 4.3 mW, 10 mW, and 15.7 mW, respectively. For 
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TM mode probe, four coupled pump powers are 0 mW, 5.7 mW, 11.5 mW, and 17.2 mW, 
respectively. (b) The device transmission and the measured changes of effective RI with optical 
controlled Fermi level at different coupled pump powers.   
 






